RING finger protein 11 (RNF11), a negative regulator of NF-κB signaling pathway, colocalizes with α-synuclein and is sequestered in Lewy bodies in Parkinson's disease (PD). Since persistent NF-κB activation is reported in PD, in this report we investigated if RNF11 expression level is correlated to activated NF-κB in PD. We examined RNF11 expression levels in correlation to phospho-p65, a marker for activated NF-κB, in control and PD brain tissue from cerebral cortex. In addition we performed double immunofluorescence labeling experiments to confirm this correlation. Our investigations demonstrated that the neuronal RNF11 expression was downregulated in PD and was usually associated with increased expression of phospho-p65. Double labeling confirmed that loss of neuronal RNF11 was linked to increased phospho-p65 expression, suggesting that persistent presence of NF-κB activation could be due to decreased levels of its negative regulator. Our data exemplifies the relevance of RNF11 and persistent NF-κB activation in PD.
Introduction
RNF11 is one of several candidate genes within the PARK10 locus, a 9-megabase region on chromosome 1 that is associated with increased risk of Parkinson's disease (PD, [8] ). Previously we have demonstrated that RNF11 is expressed in dopaminergic neurons in the substantia nigra (SN), a region most vulnerable to cell loss and Lewy body pathology in PD [1] . More importantly, in PD brains RNF11 was found to co-localize with α-synuclein in Lewy bodies and neurites [1] . Recently we have demonstrated that RNF11, as a negative regulator of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway [5, 13] , can modulate neuronal response to toxicity in both cellular and rodent models of PD [14] .
The NF-κB signaling pathway is evolutionarily conserved with respect to its role in immunity and inflammation [17] . In addition, NF-κB's contribution to neurodegeneration in PD has been well documented [6, 7] . We reasoned that if RNF11-mediated NF-κB activity is pertinent to PD pathogenesis then activated NF-κB will be accompanied with altered RNF11 expression in PD affected brain regions. Understanding RNF11-mediated regulation of NF-κB will be highly relevant in PD, where (a) activated NF-κB is observed in surviving SN neurons [6, 9] and microglial cells [6] , (b) increased NF-κB level is detected in striatum and SN [12] and (c) persistent NF-κB activation is associated with increased inflammatory responses and degeneration of dopaminergic neurons in animal models of PD [6, 10] . In this study, we examined RNF11 expression in conjunction with NF-κB activation in PD brains. Using bright-field microscopy and semi-quantitative analysis of RNF11 immunoreactivity, we report here that neuronal RNF11 protein expression is reduced in PD. More interestingly, we demonstrate here with certainty that reduced RNF11 is associated with activated NF-κB in cortical and nigral neurons.
Materials and Method

Human tissue
Human brain tissues used for immunohistochemical analysis were derived from 20 autopsy brains fixed in paraformaldehyde, which were pathologically evaluated for Parkinson's disease (PD), from the Emory University Alzheimer's Disease Research Center and NINDS Neurosciences Core Facilities Brain Bank (Atlanta, GA, USA). The neuropathologic diagnosis of PD was based on the presence of nigral degeneration and Lewy bodies. Control cases had no clinical history or neuropathologic diagnosis of neurologic disease. Two groups were compared: 10 subjects aged 62 to 79 years (mean = 71) with clinically and pathologically confirmed PD, and 10 control subjects aged 52 to 92 years (mean = 71).
Immunohistochemistry
Blocks of formalin fixed tissue at the level of cingulate cortex, frontal cortex and substantia nigra were sectioned on a freezing microtome. Free-floating sections (50 µm) were stored at −20 °C in ethylene glycol/sucrose cryopreservative. Coronal sections from control and PD cases were immunostained for RNF11 [1] or phospho-p65 (3036S; Cell Signaling Technology, Beverly, MA, USA), a marker of activated NF-κB [16, 18, 20, 21] . In brief, sections were incubated in primary antibody (Rabbit polyclonal RNF11 (1:100, [1] ); mouse monoclonal phospho-p65, (1:250, Cell Signaling) for 72 h at 4°C, followed by incubation in appropriate biotinylated secondary antibody (1 h at room temp), and avidin-biotin peroxidase complex (1 h at room temp; ABC Elite Kit, Vector Laboratories, Burlingame, CA). Diaminobenzedine (DAB) was used as a chromophore to detect immunoreactivity as previously described [3] . Semiquantitation -RNF11 immunoreactivity for each case was blind-scored by 4 individuals on a scale of 1 to 4 with 1 being the lowest and 4 being the highest intensity. The average score for each case was represented as scatter plots for the two groups, control and PD cases. Statistical analysis was performed using student's t-test to compare control versus PD cases. A P value less than 0.05 was accepted as indicating a significant difference.
Double immunofluorescence labeling
For double immunofluorescence labeling, brain sections were stained using a standard immunofluorescence protocol [2] . Briefly, sections were blocked with 10% normal horse serum and 10% Triton-X in TBS. Sections were incubated with a combination of primary antibodies (RNF11 and phospho-p65) overnight at 4°C followed by appropriate fluorescent conjugated secondary antibodies (Alexa 488 or Cy3 goat antimouse/rabbit, Molecular Probes, Eugene, OR). Sections were incubated with Hoechst 333258 to counter-stain nuclei. Autoflourescence eliminator reagent (Chemicon, CA) was used to eliminate background autoflourescence in human tissue. Primary antibodies were omitted as a negative control. Fluorescent images were captured using Olympus wide-field fluorescence microscopy or Zeiss LSM 510 laser scanning confocal microscope. For final output, images were processed using Adobe Photoshop 7.0 software.
Quantification of colocalization coefficients
The degree of colocalization was determined by calculating the overlap coefficient according to Manders in single confocal images using the "colocalization" feature of Imaris 7.6.0, 64-bit version (Bitplane AG) as described previously [14] . Automated thresholding to correct the background was used. Three sections were analyzed for each case and 3 cases were analyzed for each group. Values are reported as mean Mander's coefficient ± standard deviation.
Results
Since our in vitro and in vivo studies [13, 14] demonstrated neuronal RNF11 to be a negative regulator of NF-κB, we wanted to investigate if activated NF-κB in PD is associated with reduced levels of neuronal RNF11 expression.
RNF11 expression in human brains
As previously described [1, 15] , RNF11 has a differential distribution in the normal brain with specific regions of enrichment and low expression in white matter. Both neuronal and glial cells express RNF11 but expression level is much higher in neurons compared to glial cells. RNF11 expression can be detected in cerebral cortex (Fig 1, 3A) where it is concentrated in somatodendritic compartments of pyramidal and non-pyramidal neurons. This normal distribution of RNF11 was altered in PD brains. Qualitative preliminary studies comparing RNF11 expression in control and PD sections suggested that neuronal RNF11 levels were reduced in PD ( Fig 1A) . Furthermore, semi-quantitative evaluation of RNF11immunoreactivity confirmed that RNF11 expression was indeed reduced in PD ( Fig 1B) .
NF-κB in human brains
Since phospho-p65 is routinely used as a marker for activated NF-κB [16, 18, 20, 21] we used a mouse monoclonal antibody against phospho-p65 to examine NF-κB activation in human control and diseased brains. Phospho-p65 expression levels were detected in control, and PD cases, however expression levels of phospho-p65 were elevated in PD cases as compared to controls (Fig 2) . No phospho-p65 immunoreactivity was observed following primary antibody omission or preabsorption with excess peptide (data not shown).
Activated NF-κB is associated with reduced RNF11 expression in PD
To confirm the above-mentioned association of RNF11 and NF-κB activation in brain tissue, co-localization experiments were performed using double immunolabeling with phospho-p65, a phosphorylated protein that up-regulates upon activation of the NF-κB pathway. For this set of experiments we used brain tissue from three control and PD cases each. The fluorescence intensities were manipulated such that difference in immunostaining was evident and fluorescence signals were not saturated for high expression levels of our proteins of interest. As demonstrated in Fig 3, reduced RNF11 expression level in cortical ( Fig 3A, Mander's coefficient − 0.07± 0.5) and nigral (Fig3B, Mander's coefficient − 0.10± 0.7) neurons was associated with increased phospho-p65 expression levels, indicating a reverse association of RNF11 expression with activated NF-κB pathway.
Discussion
Phosho-p65 as an indicator of NF-κB activation
Phospho-p65 has been extensively used as a marker to detect activated NF-κB [16, 18, 20, 21] . Moreover, presence of phospho-p65 has been consistent with NF-κB p65 translocation to the nuclei [16] , the more traditional marker of activated NF-κB. Antibody specificity for phospho-p65 has been documented and established previously [18] . Moreover, our studies demonstrated that staining for phosphop65 on human brain tissue was specific since omission of primary antibody or preabsorption with excess peptide resulted in absence of immunoreactivity.
NF-κB in PD
Several lines of investigation have demonstrated that activation of NF-κB is associated with PD pathology and pathogenesis [6, 9] . Activation of NF-κB has been observed in SN neurons of PD patients. Our investigations confirmed these previous findings that NF-κB is activated in nigral neurons. Furthermore we observed activated NF-κB in cortical neurons in PD brains. This information is especially important given that cortical regions are one of the last areas to be afflicted with PD pathology [4] .
RNF11 and NF-κB in PD
We have previously shown that RNF11 mRNA expression levels are reduced in PD [14] .
Here we demonstrate that RNF11 protein levels are also reduced in PD. Given that RNF11 is a negative regulator of NF-κB activity [13, 19] such that loss of RNF11 augments NF-κB activity, this is not surprising. Indeed, in this report we illustrate, for the first time, that reduced RNF11 expression in cortical and nigral neurons of PD brains is associated with increased NF-κB activation.
Relevance to PD pathogenesis
Role of NF-κB activity in neuronal death has been ambiguous. Based on cell culture studies it has been inferred that activated NF-κB in nigral neurons is an early sign of degeneration [9] . However numerous studies have also suggested that activated NF-κB can confer neuroprotection [11, 14] . Given that activated NF-κB and apoptotic features are not detected in the same nigral neurons [9] reported previously, we could infer that activation of NF-κB in neurons is protective. This inference is strongly supported by our in vitro and in vivo studies in models of PD [14] where we clearly demonstrate that activation of NF-κB is neuroprotective. Moreover we go on to demonstrate that loss of RNF11 is neuroprotective while RNF11-mediated inhibition of NF-κB activity in dopaminergic cells exaggerates 6-OHDA toxicity [14] .
Conclusions
Our investigations, while confirming previous reports that NF-κB is activated in PD, demonstrate that RNF11, a negative regulator of NF-κB, is down-regulated in cerebral cortex and substantia nigra regions in PD cases. More importantly, using double labeling techniques we have illustrated, for the first time, that NF-κB activation is accompanied with reduced RNF11 expression levels. Our data suggests the presence of RNF11-NF-κB association in human brain tissue with significance to PD pathology and pathogenesis.
Highlights
• Neuronal RNF11-immunoreactivity is down-regulated in PD • Activated NF-κB is observed in neurons of the cerebral cortex in PD • RNF11 is inversely associated with activated NF-κB in cortical and nigral neurons in PD. 
